Semen was collected from 50 men occupationally exposed to carbaryl (1-naphthyl methyl carbamate) in a production plant for durations of 1 to 18 years and compared to semen from a control group of 34 unexposed, newly-hired workers. Employment, fertility, health, personal data, and blood samples were collected for each individual. Semen samples were analyzed for changes in sperm count, morphology, and frequency of sperm carrying double flourescent bodies (YFF). As a group, the exposed workers showed a significantly higher proportion of sperm with abnormal head shapes than did the control group (p < 0.005). Age, smoking habits, and medical problems did not appear to affect this result. This finding appears to be limited to men working in the carbaryl production area at the time of sampling. Sperm count and YFF did not show similar differences, which may be because they are known to be statistically less sensitive to small changes. Formerly exposed workers (away from carbaryl for an average of 6.3 years) showed a marginally significant elevation in sperm abnormalities compared to controls (p < .05, one-tailed statistical analyses) suggesting that the increase in abnormal morphology may not be reversible. However, the question of reversibility is sensitive to confounding factors and small sample sizes and, therefore, requires further study.
Introduction
1-Naphthyl methyl carbamate, also known as carbaryl or Sevin, is a broad spectrum insecticide. Humans can be exposed to this agent during its manufacture and its widespread application. A clinical study of dermal exposure to carbaryl showed that carbaryl can be readily absorbed through the human skin (1) . Although dermal absorption appears to vary with anatomical site, the scrotum generally showed high absorption for pesticides.
Though animal studies support the fact that *Lawrence Livernore Laboratory, University ofCalifornia, P. 0. Box 5507, Biomedical Sciences Division, Livermore, California 94550.
August 1981 carbaryl reaches the mammalian testes, seminal vesicles, and prostate (2), the reported effects of carbaryl on spermatogenesis are inconsistent. Several studies, have shown no testicular effect attributable to carbaryl (3) (4) (5) (6) . However, these studies generally focused on fertility and did not quantitate the effects on germ cells. As reviewed by Whorton et al. (7) , much of the information on the effects of carbaryl on spermatogenesis comes from the Russian literature (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . Reported testicular changes include histological changes in the seminiferous epithelium. Semen evaluations showed diminished sperm counts and/or sperm motility. Chronic feeding of carbaryl produces atrophy of the seminiferous tubules, cellular degeneration, necrotic foci, and inflammation of blood vessels in the testes ofrats (20) . Chronic oral administration of 3 mg of carbaryl/kg of body weight in rats reduced numbers of spernatogonia and testicular spermatozoa (21) .
Carbaryl exposure has also been shown to produce abnormal sperm. In rats, Vashakidze et al. (10) linked carbaryl ingestion to the production of "malformed" sperm. In mice, the proportion of abnormal and acrosomeless sperm increased almost 10-fold at doses showing no other apparent testicular effects (22) .
In a study of the effects of carbaryl exposure on human spermatogenesis, Whorton et al. (7) measured sperm counts as well as blood levels of follicle stimulating hormone (FSH), luteinizing hormone (LH), and testosterone in men working in the carbaryl-manufacturing process. When compared to a historical control group of unexposed men from three other studies of workplace exposure, this cohort showed no seminal or blood abnormalities that could be related to carbaryl, although a small increase of possible statistical significance was observed in the proportion of oligospermic men in the exposed group.
The mutagenicity of carbaryl remains ambiguous. It does not seem to be mutagenic in the Salmonella! microsome assay even with metabolic activation (23) , nor does it inhibit testicular DNA synthesis in mice (24) . However, it is reported to be weakly positive in the induction of ouabain resistance in Chinese hamster cells (25) , to induce unscheduled DNA synthesis in cultured human fibroblasts (26) , and to be weakly mutagenic in the Drosophila sex-linked recessive lethal test (27) .
A number of human semen assays have been developed for the study of chemically exposed workers (28, 29) . The approach of using a battery of semen assays increases the sensitivity of detecting chemically induced testicular abnormalities as seen in numerous human studies of exposure including cancer chemotherapeutic drugs (30) , occupational exposure to dibromochloropropane (31) (32) (33) , occupational exposure to lead (34) , and antifertility agents (35) . These studies suggest that changes in sperm count, motility, morphology, and sperm with two fluorescent bodies (YFF test-thought to represent sperm with two Y chromosomes due to meiotic nondisjunction) are all sensitive indicators of exposure of the human testes to chemical agents.
Here we report our findings of seminal analyses in a cohort of carbaryl production workers. We used the same cohort of exposed workers studied by Whorton et al. (7) . However, we used newly hired workers in the plant as the control group instead of the historical controls used by Whorton. Plant controls were not available at the time of Whorton's study. 256 Method of Procedure Description of the Cohort As shown in Table 1 , the cohort of exposed men used in this study is virtually the same as that of Whorton et al. (7) , and where possible used the same semen sample collected by Whorton 
Questionnaire and Medical Examination
A physician interviewed all of the participating men using a standard questionnaire emphasizing employee's work, reproductive, and medical histories and gave each a medical examination focused on the urogenital tract. The purposes of the study and the need to collect blood and semen samples were explained to each man.
Estimation of Exposure Dose
Available air sampling data were insufficient to provide precise estimates of personnel exposure to carbaryl in the work environments. However, as reviewed by Whorton et al. (7) gNot 24 as in Whorton's study (7) because this number includes the one bagger we reclassed as a foreman.
hNot 9 and 27 as in Whorton's study, because one man who had originally declined participation provided a sample used in our study.
'Not 8 as in Whorton's study, because one man was reclassified as foreman (see b), one sample was excluded from Whorton's study for technical reasons but was adequate for our studies on sperm morphology, and one man who had previously declined participation provided a sample used in our study (see h).
a range of 0.0 to 1.8 mg/m3. These doses are well within the ranges that might be expected to cause biological effects. For example, Best and Murray (36) saw significant changes in serum cholinesterase activity and urinary excretion of free 1-naphthol (a metabolite of carbaryl) in their carbaryl population exposed to similar concentrations.
We developed an ordinal ranking of exposure groups based on the type ofjob held during the past year. One year was chosen because semen studies in animals and humans suggest that exposures for a period from approximately 1-2 months up to 1 year before semen sampling are likely to show the maximum effect on seminal abnormalities (28) . Men were assigned to the following exposure groups: control (new hires), low dose (supervisors, foremen, vacation and sick fill-ins for bagging or operating positions, maintenance personnel and other support staff), and high dose (full-time baggers and operators). We also grouped these men by the number of years they had worked with carbaryl.
Laboratory Analyses
Semen. Each participant was asked to provide a semen sample by masturbation after observing three days of sexual continence. Morning samples were collected at home in provided glass jars and were delivered to the plant's clinical laboratory. Because the interval between specimen production August 1981 and delivery could not in every case be held to 2 hr or less, sperm motility, a time-dependent variable, was not recorded. Only one semen sample was collected from each individual. Sperm counts were measured in the plant's clinical laboratory with a hemocytometer and were recorded as number of sperm per milliliter of ejaculate. Ejaculate volumes were also recorded. Smears of sperm were prepared for subsequent microscopic analyses of morphological defects and frequencies of fluorescent bodies. For morphological analyses, air-dried smears were fixed in 95% ethanol and stained by a modified Papanicoloau method (37) . Five hundred sperm were scored for each individual and classed as shown in Figure 1 . All slides were scored blind and compared to a set of standard reference slides at regular scoring intervals. Although interlaboratory comparisons of sperm morphology scores typically show high variability (38) , within laboratory comparisons can show remarkable reproducibility when the scoring criteria are standardized. For the analyses of the frequency of sperm carrying double fluorescent bodies (YFF), air-dried smears were stained with a quinacrine dihydrochloride method adapted from Pearson et al. (39) . Smears were fixed for 10 min in Carnoy's, air-dried again, then allowed to soak for 5 min in pH 6 .0 (mono-and dibasic sodium phosphate) buffer. The slides were stained for 6 min in 0.2% quinacrine dihydrochloride (in pH 6.0 buffer), rinsed in pH 6 (1) are oval, which we consider normal; sperm (2) to (10) are scored abnormal: (2) small, (3) large, (4) rounded, (5) doubles, (6) narrow at the base of the head, (7) narrow, (8) pear-shaped, (9) amorphous, and (10) ghost-like.
in pH 6.0 buffer. The slides were read under darkfield illumination (33) 
Statistical Analyses
The data for sperm counts, morphology, and fluorescent bodies (YFF) was analyzed in several ways to determine whether the distribution of data for the carbaryl-exposed men was significantly different from the control cohort of new hires, and whether there was any relationship to intensity or duration of exposure to carbaryl. To determine for each parameter whether the mean value in the carbaryl-exposed men was significantly different from the control cohort we used Cochran's t-test for unequal variance (40) ; cumulative frequency plots were compared by using the Kolmogorov-Smirnov two-sample test (41) . Since we expected seminal changes in one direction only, one-tailed statistical analyses were generally used (40, 42) . The contribution of certain confounding factors such as age (43) , smoking (44) , recent illnesses and medical drugs (35) were also tested by using multiple linear regression analyses (40) . Correlation among semen parameters, blood parameters, and other data from the questionnaires were also investigated using correlation analyses (40) .
Results

Comparison of Examination and Interview Data
Exposed workers and controls were compared for differences based on the questionnaire and the physical examination. Table 2 shows that the groups are comparable with respect to smoking, medical illness, and previous exposure to hazardous agents other than carbaryl. Because of the small sample sizes and the small number of children born to the control group, the groups were not compared for differences in reproductive capacity and outcome. The results of the physician's examination did not link any urogenital abnormalities to exposure. The control group was younger than the exposed workers. The mean age (± standard deviation, range) 
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"Males with less than 20 x 106 sperm/ml ejaculate.
for the controls was 26.6 yr (+ 6.0, 18-44) compared to 40.7 yr (± 10.0, 22-61) for the exposed workers. There was only one (out of 34) control male over 40 years of age, while nearly half the exposed (24 out of 50) were over 40 years of age.
Assay for Sperm Count
In Figure 2a we plot the sperm counts of 34 new hires and 48 carbaryl workers as cumulative distributions. As noted in Table 1 , 2 of the 50 semen samples from the exposed group were not included in the calculations of sperm counts because incomplete semen specimens were obtained. Both the Kolmogorov-Smirnov two sample test and the Cochran's t-test showed no statistically significant differences between the two distributions or their means. As shown in Table 3 , the control and exposed groups were also compared for confounding factors i.e., heavy smoking, previous exposure to other agents, and medical problems, as well as age. Although men with such factors in the control group had a slightly reduced average sperm count when compared to men without these factors, this difference was not statistically significant and is not seen in the exposed group. Comparisons of total sperm per ejaculate also showed no significant differences. Linear regression analyses suggests that age was not significantly correlated to sperm counts in these groups.
No significant effects of carbaryl exposure on sperm counts were seen even when men 18 to 40 yr old without confounding factors were compared with similar controls. However, a slightly higher proportion of oligospermic men (men with less than 20 x 106 spermlml) was found in the exposed group Figure 3 , indicate that low and high exposure groups did not differ significantly from each other but were both significantly elevated over the controls.
Time Response. To determine the relationship between sperm abnormalities and years working with carbaryl, we plotted percent abnormal sperm against number of years exposed for the 30 currently exposed workers (Fig. 4) . Among the currently exposed there is a significant negative correlation (r = -0.42, p < 0.025). This compares with the significant negative correlation found between age and percent abnormal sperm (r = -0.55, p < 0.005) in the same group of currently exposed workers, suggesting that the higher sperm bThe probability of significance when compared to the control grouping using Cochran's t-test, one-tailed (40, 42) , N.S. = not statistically significant, N.T. = not tested.
CConfounding factors: smoked more than one pack of cigarettes per day in the last year, had a significant medical problem, or was previously exposed to other hazardous agents.
dMales who by our scoring criteria show more than 60% abnormal spern forms. eProbability of significance when values for currently and previously exposed men are combined using test for comparison of proportions, one-tailed (40, 42 found in the younger members of the exposed group, mainly those that have worked with carbaryl for less than approximately 6 years. In previously exposed men, no significant correlations were found among levels of sperm abnormalities, years working with carbaryl, and years since working with carbaryl. These analyses were hampered by small sample sizes.
Assay for Fluorescent Bodies
A sample of 17 men in the high exposure classification (Fig. 3) , i.e., currently exposed baggers and operators, showed 1.0 0.3% of sperm with double fluorescent bodies (2F, 
Correlations Among Semen and Blood Parameters
No relationships were found among sperm abnornalities, sperm with double fluorescent bodies, FSH, LH, and testosterone. However, a significant correlation (r = -0.42, p < 0. 005) was found between sperm abnormalities and sperm count in the carbaryl exposed workers. A plot of sperm abnormalities vs. spern counts of these males suggests that the men with sperm concentrations of less than 80 times 106/ml of semen as a group had more sperm abnormalities than those with over 80 x 106 sperm/ml ( bCochran's t-test one-tailed, N.S. = not significant (40, 42 43.6 ± 1.8% abnormal sperm with a p < 0.001, Cochran's t-test). These correlations suggest that sperm counts as well as sperm morphology may be affected in the carbaryl workers. The negative findings with the assay for sperm counts may be due to the relative statistical sensitivities of these two assays (see Table 6 ). Comparisons of controls did not show similar correlations.
Discussion
The results of this study show that workers in a carbaryl-production area had increased levels of morphologically abnormal sperm when compared to controls. Although the elevations in sperm abnormalities were common to currently exposed workers grouped by job classification as low dose and high dose, dose dependence was not found. Neither sperm count nor presence of double-fluorescent bodies were significantly affected in the exposed groups.
We observed a negative correlation between number of years working in the carbaryl area and percent abnormal sperm. We conjecture three possible explanations for this curious relationship. First, the men working longer may be currently exposed less because of seniority; second, some fonn of biological or pharmacological adaption to exposure may occur (although we don't know of any precedent for this); and third, there may be selection for nonaffected males (for example, older workers who are particularly sensitive to carbaryl and who might have high levels of sperm abnormalities may be switching to other jobs). These conjectures can only be tested by further study of carbaryl workers.
Reversibility of the Sperm Morphology Effect
The previously and currently exposed workers were compared to controls to determine whether 262 the elevated proportion of sperm abnormalities in the currently exposed might be reversible with time after exposure. The distribution of sperm abnormalities in previously exposed men was marginally elevated above controls (p < 0.05). The mean of the distribution of previously exposed men (50.0%) was high and very similar to that of the currently exposed men (52.0%). However, when men with confounding factors were excluded from comparison, the mean of the previously exposed group (46.6%) more closely approached the control mean of 42.0%, the sample sizes were reduced, and the difference is no longer statistically significant. A similar comparison of controls and currently exposed men still showed a statistically significant elevation in the exposed. Both a larger sample size and repeated, periodic semen evaluations in a group of men who have left their jobs in the carbaryl area are needed to properly evaluate the possible reversibility of the sperm morphology effect.
Effects of Age on Sperm Morphology
The average age (+ SD) of the carbaryl exposed group (40.7 + 10.0 yr) was significantly higher than the control group (26.6 + 5.6 yr), p < 0.001. The possibility arises that the increase in percent abnormal sperm seen in the exposed group is due simply to the increased ages of the men in that group. Schirren et al. (43) detected a slight increase with patient age of abnormal forms of sperm, but this was based on men with andrological disorders. In an independent study of 24 healthy men, 18 
Statistical Characteristics of the Semen Assays
The different results obtained with assays for sperm counts, morphology and and fluorescent bodies (YFF) may be due to intrinsic differences in their statistical sensitivities. Table 6 shows the sample sizes required to detect a 25% change in the mean value of the controls in our sample (45 (28, 46) . First, a high correlation exists between agents that induce germ-cell mutations in mice such as dominant lethal mutations and those that induce sperm-shape abnormalities. Second, when male mice exposed to agents that induce sperm abnornalities (such as lead acetate or ionizing radiation) were mated to normal females, an increased proportion of their offspring showed sperm defects. Subsequent studies have shown that sperm changes in these abnormal offspring behave like dominant mutations and that recessive and X-linked genes are also known to August 1981 be involved in sperm shaping (28) .
In humans, several studies have shown a link between abnormal embryos and seminal abnormalities in the male parent. In a study by Furuhjelm et al. (47) of the Karolinska Institute in Sweden, fathers of 201 spontaneous abortions had reduced sperm counts and marked increases in sperm abnormalities when compared to fathers of normal pregnancies (see Fig. 5 ). Similar results were obtained in a study by Czeizel et al. (48) in 50 husbands of women with two or more spontaneous abortions and 50 men who had fathered normal healthy children. These animal and human studies suggest a genetic link between seminal defects (especially increases in sperm shape abnormalities) and genetic abnormalities in offspring. 
Conclusions
Men working in a carbaryl production plant showed higher percentages of sperm shape abnormalities than did new-hires in the plant. This result cannot be explained by differences in smoking habits, illness, medication, or age.
Spern density and YFF assays did not identify statistically significant differences related to exposure. These assays, however, are shown to be statistically less sensitive than the sperm morphology assay.
For sperrn morphology, there was no dose dependence as judged by job classification in the carbaryl area; however, there was a curious, in
